








CFD  techniques   are   applied   to   a   cylinder   in   cross   flow   and 
Computational   AeroAcoustic   (CAA)     capabilities   developed. 






















As   transportation   vehicle   speeds   have   increased,   so   too   has 
associated   undesirable   aerodynamic   noise.   This   noise   is   a 
concern   for   both   passengers   and   surrounding   observers.   Of 
particular relevance to this project is high­speed train pantograph 




aeroacoustics,   and   in   order   to   better   understand   the   noise 




These   regions   of   fluid   motion   are   analogous   to   the   flows 
occuring in a small water fall. At the base of the water fall is the 












There   are   two   primary  methods   of   solving   for   aerodynamic 
sound. The first is Direct Numerical Simulation (DNS) where all 
flow   features  (including   acoustic)   are   solved   for   from   the 
governing equations. The second splits the near field from the far 
field,   solves   for   source  terms  in   the near   field,  using  them  to 
approximate the far field acoustics, commonly termed acoustic 
analogies. Lighthill [8] pioneered the field of aeroacoustics with 
his   reformulation   of   the   Navier­Stokes   equations.   No 
assumptions are  made  in   the derivation of  Lighthill’s  acoustic 
analogy,   and   therefore   it   still   contains   all   of   the   flow 
characteristics such as convection and diffusion. However, in the 




the   acoustic   analogies   following   Lighthill   include   Curle   [2], 
Ffowcs Williams [5], Phillips [5] and Lilley [5].
Curle   [2]  was   the   first   to  develop   an  analytical   equation 
which accounts for surface source terms. Ffowcs Williams took a 
more   mathematical   approach   in   rewriting   the   governing 
equations   using   generalized   functions.   The  wave   equation   is 
developed   and   the   solution   found  by   convolution   by  Green’s 
function. Further still, Phillips seeks a solution for cases where 
the mean flow is non­zero, and with variable density or variable 
temperature.   However,   Phillips’   analogy   fails   to   account   for 
acoustic   propagation   through   shear   layers,   a   problem   which 














This   is   an   important   point   because   dipole   source   terms 
(proportional to velocity to the sixth power) are far more efficient 
noise sources than quadrupole terms [1] (proportional to velocity 
to   the   eighth   power).   Therefore   for   certain   situations   where 
surfaces   sources   dominate   the   radiate   sound,   the   quadrupole 
terms in Curle’s equation may be neglected. 







by  researchers,  depending  on  the  purpose of   their   studies  and 
what   form   their   source   term   data   takes   (time   or   frequency 










body   is   acoustically   compact (i.e   the  body   is   smaller   than  a  
quarter of the wavelength).
A number of studies have been conducted on the cylinder in 
cross   flow problem;  these compare Curle’s  method with DNS 










The  purpose  of   the   laminar   simulations  was   to  determine   the 
suitability   of   various   domain   geometries   for   aeroacoustic 
analysis. The desired domain must be easy to code, have little 
influence   on   results   due   to   boundary   effects   and   adequately 
capture   the  wake  dynamics.  The   expected   flow  structure   at   a 
Reynolds number of 200 is a laminar Von Karman vortex street 
[10], resulting in periodically varying cylinder forces and hence a 
dipole   sound   source.  A  number   of   geometrical   configurations 
were   explored,   including   circular,   square   and   rectangular 














Mesh Φh p εh GCI %
Very Coarse 1.5056 ­ ­ ­
Coarse 1.4376 ­ ­0.047 3.61
Medium 1.4104 0.66 ­0.019 1.47





































































in   cross   flow at   a  Reynolds  number  of  10  000   is   to   test   the 
method,   using   a   Reynolds   number   for   more   realistic   flow 
situations   and   check   that   Curle’s  method   is   a   valid   tool   for 
























The   acoustic   field   was   determined,   and   a   plot   of   the 
radiating acoustic field can be seen in Fig. 6. Additionally, the 







Holes   were   then   added   to   the   2D   cylinder   in   order   to 
investigate   the   relationship   between   hole   width   and   noise 
suppression,   see   Figs.   9   and   10.   The   spectra   has   completely 
changed,  and a  receiver  would no  longer  experience  the  tonal 
noise as for a solid cylinder.








Figure 11. Acoustic  pressure spectrum for  cylinder  with hole  7.5% of 
diameter, Re = 10 000.
Widths between 3.5% and 15.5% of the cylinder diameter were 
analyzed.   It  was   observed   for   hole  widths   above  10% of   the 
cylinder diameter, at a Reynolds number of 10 000, recirculation 
bubbles form behind each half circle and there is no observable 
wake   instability.   Since   Curle's   method   requires   fluctuating 
surface forces for noise generation, it is concluded that for hole 




momentum   to   the   wake,   and   a   subsequent   reduction   in 
fluctuating body forces. To demonstrate this, RMS lift coefficient 
was  plotted   against   the  width  of   the  hole   as   a   percentage  of 
cylinder diameter, Fig. 12.  Interestingly, for small holes there is 
an increase in fluctuating forces. This is attributed to a whistling 












a   difficult   exercise.   Hence   when   a   consistent   mesh   for   one 
configuration was found, a program was written to take an input 
file   describing   a   periodic   hole   configuration,   calculate   the 




required   for   these   simulations,   only   preliminary   results   are 
available   at   this   stage.  A   contour   plot   of   vorticity   for   one 
configuration   is   shown   in  Fig.   13,  where   the   additional   fluid 




rapidly   as   separation   bubbles   form behind   the   cylinder.  After 
approximately   50   seconds   the   wake   becomes   unstable,   as 









height   and   distance   between   centers   of   5%,   10%   and   100%   of   the 
diameter respectively. Re = 10 000.
Figure 14. 3D Cylinder force coefficients for periodic holes of height, 







cylinder   flow,   and   exhibits   the   expected   dipole   sound   field. 
Breaking   up   the  wake   structure   by   indroducing   holes   in   the 
cylinder   has   an   effect   on   the   fluctuating   surface   forces. 
Fluctuations   are   increased   for   relatively   small   holes,   and 
decreased for larger holes.
Since   radiated   noise   is   directly   related   to   the   fluctuating 
surface forces by Curle's equation, noise is attenuated for these 
larger   holes.  Also   there   appears   to   be   a   cut­off   point  where 
further   addition   of  momentum   to   the   wake   region   does   not 
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